Ferroelectric domains in PbTiO3/SrTiO3 superlattices were studied using synchrotron X-ray diffraction. Macroscopic measurements revealed a change in the domain wall orientation from {100} to {110} crystallographic planes with increasing temperature. The temperature range of this reorientation depends on the ferroelectric layer thickness and domain period. Using a nanofocused beam, local changes in domain wall orientation within the buried ferroelectric layers were imaged, both in structurally uniform regions of the sample and near defect sites and argon ion etched patterns. Domain walls were found to exhibit preferential alignment with the straight edges of the etched patterns as well as with structural features associated with defect sites. The distribution of out-ofplane lattice parameters was mapped around one such feature, showing that it is accompanied by inhomogeneous strain and large strain gradients.
I. INTRODUCTION
Recent years have witnessed a renewed interest in ferroelectric domains and domain walls (DWs), particularly at the nanoscale, where DW densities are large and their properties contribute greatly to the overall functional behavior of the materials 1,2 . For example, DW motion is known to greatly influence the macroscopic properties of ferroelectrics, such as their response to an external electric field or external stress 3 and recently has been shown to give rise to the phenomenon of negative capacitance 4, 5 . DWs also exhibit symmetry and hence properties that are different from the bulk material. Striking examples include the conducting DWs in insulating multiferroic BiFeO 3 6,7 and ferromagnetic DWs in TbMnO 3 8 . Such properties make multidomain ferroelectrics an attractive pathway towards novel device implementations being explored by the growing field of DW nanoelectronics 1 . Development of macroscopic methods to control the formation and orientation of DWs is thus central to making device fabrication easier using conventional growth and patterning methods.
Ferroelectric superlattices (periodic repetitions of ferroelectric/dielectric bilayers) are ideal systems for the study of ferroelectric domains. The domains in these systems have well-defined periodicities, making them particularly well-suited for X-ray diffraction studies 9 . In the past, such superlattices have been used to investigate electrostatic coupling through dielectric layers [10] [11] [12] , DW motion under applied electric field 13, 14 , improper ferroelectricity 15 , and ferroelectric vortices 16 .
In this paper, we present a synchrotron X-ray diffraction study of DW orientations in PbTiO 3 /SrTiO 3 superlattices. We look at the behavior of ferroelectric domains in these materials across the ferroelectric phase transition and discover a temperature regime where the DWs change their orientation from walls that lie preferentially within the {100} crystallographic planes at room temperature to predominantly {110} DWs at higher temperatures, with a temperature range that depends on the ferroelectric layer thickness and domain period. Using a nanofocused beam, we obtain maps of the local orientations of the buried ferroelectric domains. Imaging the domain orientations near the edge of the superlattice and in the vicinity of a microscopic defect reveals that DWs tend to align preferentially along the film edges and features associated with the structure of the defect. Furthermore, we obtain local three-dimensional maps of reciprocal space at different points around one of these features and use them to reconstruct images of the local lattice parameter, strain and strain gradient distributions that are likely to be responsible for the observed DW alignments. Our findings demonstrate that the orientation of 180
• DWs can be controlled by varying temperature, film thickness and topographical features of the samples, and suggest that patterning features by conventional photolithography or focused ion beam techniques could offer additional new pathways for manipulating DWs for nanodevices 17, 18 .
II. EXPERIMENTAL METHODS
PbTiO 3 /SrTiO 3 superlattices were grown on SrTiO 3 substrates using off-axis radiofrequency magnetron sputtering in a 0.18 Torr oxygen/argon atmosphere of ratio 5:7 with a substrate temperature of 520
• C. Top and bottom epitaxial SrRuO 3 electrodes with a thickness of approximately 30 nm were deposited in 0.1 Torr of 1:20 oxygen/argon atmosphere and at a substrate temperature of 650
• C. Here we report the results for two superlattices with compositions (PTO 5 |STO 4 ) 28 and (PTO 8 |STO 4 ) 19 where the notation (PTO n P |STO n S ) N refers to n P unit cells (u.c.) of PbTiO 3 and n S u.c. of SrTiO 3 per period, repeated N times. The (PTO 5 |STO 4 ) 28 superlattice was deposited on a TiO 2 -terminated SrTiO 3 substrate, whereas the (PTO 8 |STO 4 ) 19 superlattice was deposited on Nb-doped SrTiO 3 . The top electrodes were patterned into 120 µm × 120 µm squares using UV photolithography and argon ion milling. The (PTO 8 |STO 4 ) 19 superlattice was etched fully down to the bottom electrode, leaving only the square capacitor structures (∼100 nm thick). Atomic force microscopy (AFM) measurements on the surface of one capacitor revealed a number of micron-sized topographical features that might be regions which were partially etched during argon milling, or other extended structural defects in the substrate and/or film. These features, along with the edges of the square capacitor structures, allowed us to study the impact of topography variations and structural defects on DW orientations.
X-ray diffraction experiments were performed at beamline ID01 at ESRF. For temperature-dependent measurements, an incoherent X-ray beam (approximately 50 µm × 50 µm full-width at half-maximum (FWHM)) was used to probe the average domain behavior. The spatial variation of the domain intensities was studied by focusing the beam with a Fresnel zone plate (achieving a beam size of approximately 60 nm FWHM) with the sample mounted on a resistive heater on a piezo stage. The setup at beamline ID01 has been described in detail in Refs 19-22. The energy of the incident X-ray beam was tuned to 8 keV using a Si(111) double crystal monochromator and diffraction patterns were recorded with a Maxipix photon counting detector 23 . The spatial dependence of lattice parameters was calculated using the strain and orientation calculation software package X-SOCS 19, 24 .
III. RESULTS
A. Temperature dependence of ferroelectric domains Fig. 1 shows in-plane reciprocal space maps (RSMs) around the 002 Bragg peak of a (PTO 5 |STO 4 ) 28 superlattice as a function of temperature (here and throughout we label the reflections according to the average perovskite lattice parameter ∼4Å; thus in this case the 002 reflection corresponds to the 0018 superlattice peak). The kink in tetragonality corresponding to the ferroelectricto-paraelectric phase transition in this superlattice was found to occur at T C = 570 K. The in-plane RSMs are plotted in reciprocal lattice units (r.l.u.) of the substrate (1 r.l.u. = 2π/3.905Å −1 ) and were obtained by integrating the diffracted intensity along the out-of-plane direction in reciprocal space over the range ∆L = ±0.03 r.l.u. around the superlattice Bragg peak. The ring of diffuse scattering around the superlattice Bragg peak is due to the ferroelectric domains in PbTiO 3 with a periodicity Λ d = 3.905Å/∆H 5 nm at room temperature 9 . At 300 K, a diffuse ring of intensity is observed. The intensity distribution, however, is not uniform around the ring, with the highest intensity observed at points where the ring crosses the H and K axes, indicating that DWs preferentially lie in the {100} crystallographic planes. As the temperature is increased to 375 K, the ring becomes more uniform. At still higher temperatures (e.g. 450 K), the dominant intensity in the diffuse scattering is redistributed towards four spots with H = ±K, indicating that DWs lie preferentially in the {110} planes. The bottom right figure shows the same RSM in the paraelectric phase, where the polarization vanishes and domains disappear.
To see the domain reorientation more clearly, we have defined an annulus in reciprocal space (from |Q| = 0.04 r.l.u. to |Q| = 0.06 r.l.u., where |Q| = H 2 + K 2 1/2 ) which only includes the diffuse scattering intensity due to the domains. By looking at the intensity as a function of azimuthal angle φ = arctan(K/H) ( Fig. 2(a) ) we can clearly see that the {100} domain walls (DWs) are dominant at room temperature, whereas the {110} DWs are dominant above approximately 375 K.
There are two contributions to the observed intensity changes with increasing temperature: (i) the intensity of the diffuse scattering from the domain structure is reduced due to the reduction of the spontaneous polarization, and (ii) there is a continuous change in the volume fraction of the two orientations as the {100} DWs rotate to lie within the {110} planes. To separate the first effect we have measured the c and a lattice parameters at each temperature and normalized the domain satellite intensities by the corresponding (c/a) − (c/a) para (where (c/a) para is the tetragonality in the paraelectric phase), which is expected to be proportional to the square of the spontaneous polarization within the domains 25, 26 . We then find that the normalized intensity of the {110} DWs increases with temperature, whereas the {100} intensity decreases (Fig. 2(b) ). This leads us to conclude that there is a gradual reduction in the volume fraction of {100} DWs as they reorient towards the {110} planes. This conclusion is corroborated by the observation that the in-plane correlation length of the domain satellites along the 110 directions increases with increasing temperature (whereas it decreases along other directions), signalling an increase in order along 110 . The same reorientation was also observed for samples with different layer periodicities (not shown). The temperature range of the reorientation was found to depend on the domain period and ferroelectric layer thickness, with {110} DWs being more pronounced (observed to be dominant across a wider range of temperatures) for samples with thinner layers of PbTiO 3 (and hence smaller domain periods).
We note that these observations differ from those of Fong et al. 27 , who found that in ultrathin PbTiO 3 films, the diffuse scattering due to the periodic domain structure instead evolves from a uniform ring (F β phase) at lower temperatures to a structure with {100} DWs (F α phase) upon heating, accompanied by an abrupt decrease in the domain period. We also observe a gradual decrease in the domain period with temperature, but no abrupt changes, consistent with previous reports 28, 29 . Our observations are also different from the abrupt change in the alignment of ferroelastic DWs observed on heating in BaTiO 3 thin films 30 . 34 . Although the temperature dependence of the DW orientation was not explicitly studied in Ref. 34 , since the same phase transition is accessible by increasing temperature, a similar DW reorientation might be expected on heating, as indeed observed experimentally here. The prediction that thinner films favor {110} DWs 34 is also consistent with our observations.
Since both thickness reduction and temperature increase are expected to broaden DWs 35 , we speculate that the DW width plays an important role in the observed DW reorientation. The multicomponent nature of the order parameter in ferroelectrics also means that changes in the DW character (e.g. the effect of in-plane polarization components) 31,36-39 and chirality are also likely to influence both the DW width 40 and preferred orientation; further experimental and theoretical work is needed to clarify this issue.
B. Real-space mapping of domain orientations with a nanofocused beam
In order to gain a more local picture of the domain wall orientations, we use a nanofocused beam to measure the domain satellite intensities for a (PTO 8 |STO 4 ) 19 superlattice (with domain period Λ d 7 nm) as a function of position on the sample by translating it relative to the beam using a piezo stage. The resulting maps of domain satellite intensity for (010) and (100) DWs are shown in Figs. 3(a) and 3(b) respectively. Comparing the two images (see for example the features in the square boxes) reveals that some regions are anticorrelated with maxima in the intensity of (100) DWs corresponding to minima in the intensity of (010) and vice-versa. Other regions in the images are not fully anticorrelated, presumably because they correspond to regions with similar fractions of both orientations or with DWs that are oriented along other directions. The maximum intensity variation across the images is around 30%, indicating that both domain orientations are present within the beam footprint at each point and therefore the patchy features in the images correspond to local variations of the predominant DW orientations, rather than individual regions with a specific, well-defined DW orientation. A lower bound on the size of the latter can be determined from the in-plane correlation length obtained from a Scherrer-type analysis of the FWHM of the domain satellites (measured using an unfocused beam), which we estimate to be around 30 nm. This is several times smaller than the footprint of the focused beam and thus below the resolution of the local measurements.
To estimate the characteristic length scale ξ for the features in Figs. 3(a) and 3(b) we calculate the autocorrelation function (ACF) of each image. If I(x) is the satellite intensity at position x, the 2D ACF is defined as G(R) = I(x)I(x − R) , where R is a displacement vector and averaging is performed over all possible x. For simplicity, we assume an isotropic distribution of regions with a given DW orientation and use the 2D ACF to calculate the azimuthal average over all in-plane directions G(R) with R = |R|. To extract ξ, we fit G(R) to:
This expression 41 has previously been used to estimate domain sizes measured using piezoresponse force microscopy 42, 43 . In the above, the function I(x) − I(x − R) is assumed to be a Gaussian random variable with a standard deviation σ I , and h is a parameter that describes the abruptness of intensity changes (h is small for very abrupt changes, whereas it tends to unity for smoother variations) 41 . The average ACFs corresponding to the images in Fig.  3(a) and 3(b) (after subtraction of the mean intensity of each image) are shown in Fig. 3(c) . Fitting the autocorrelation data, we estimate the characteristic length scale ξ to be of the order of 110-120 nm, which is comparable to the beam footprint. We note that the length scale extracted from Equation 1 is always a lower estimate of the feature size 44 and is usually quoted in cases where there is a distribution of sizes. In images with a well-defined feature size, a better measure of this size is the first minimum in the ACF 45 . This minimum is discernible for only one orientation ( Fig. 3(a) ), and occurs at around 300 nm.
Performing the same analysis on images from other parts of the sample shows that ξ varies significantly from around 100 nm to microns, and even within individual images, different length scales are apparent on visual inspection. We therefore conclude that although the domain period is well-defined by the electrostatic boundary conditions, as can be seen from the sharpness of the peaks in the RSM of Fig. 3(c) , the dominant DW orientation exhibits variations over a wide range of length scales across the sample and the local DW orientation is likely to be determined by other factors, as we discuss next.
C. Domain wall alignment around topographical defects
To better understand what influences the local DW orientation, we look at a region of the film close to a topographical defect. The defect has an irregular shape, as seen from the AFM image in Fig. 4(a) and gives rise to long, streaky features of reduced intensity in the map of the superlattice Bragg peak intensity (Fig. 4(a) , bottom right). Intensity maps of the domain satellites reveal that the domain stripes align preferentially along the length of these features. The intensity in these aligned regions is more than double that in the more uniform parts of the film, showing a strong local preference for that particular DW orientation compared to the rest of the superlattice. Local in-plane RSMs, obtained with the nanofocused beam and shown in Fig. 5 , further highlight this preferential alignment. Fig. 5 shows three RSMs for: (i) a uniform region with no strong preferential alignment (bottom left), (ii) a region with preferential (100) domain wall alignment (top left) and (iii) a region with preferential (010) alignment (top right). The splitting of the Bragg peak in the bottom right RSM is due to a slight drift of the beam along the rocking curve direction. We also observe some preferential DW alignment with the Ar-ion milled edges of the square electrodes. Fig.  6 shows the spatial variation of the domain satellite intensity across the capacitor defined by Ar-ion milling. Outside the 120 µm × 120 µm capacitor area, the surrounding superlattice was milled away entirely down to the bottom electrode resulting in vanishing intensity of the domain satellites. Figs. 6(a) and 6(b) show the intensity variation of satellites corresponding to (010) and (100) DWs respectively across the sample. Figs. 6(c) and (d) are higher magnification maps of the same satellite intensities near one of the capacitor edges. A preferential alignment of DWs along the edge of the Ar-ion milled capacitor is observed, as is clear from the higher intensity of the corresponding domain satellite at the bottom of Fig. 6(d) . Furthermore, by obtaining a three-dimensional RSM at each point, we can map the variation of the out-ofplane lattice parameter of the film around this region and extract the local distribution of the average out-of-plane strain 33 that accompanies the DW alignment. The corresponding map of 33 is shown in Fig. 4(b) , together with an AFM scan of the local superlattice topography (Fig. 4(c) ). We can further use the strain map to extract the strain gradients ∇ xy 33 (∇ xy = i ∂ ∂x +j ∂ ∂y ) around this region (Fig. 4(d) ). We find that the regions with preferential domain wall alignment are correlated with changes in strain of the order of 0.1% and strain gradients of the order of 10 4 m −1 directed perpendicular to the DWs, as shown by the arrows in Fig. 4(d) .
Preliminary studies of the temperature dependence also reveal that the aligned DWs around the defect return to the same configuration when the superlattice is heated above its transition temperature and subsequently cooled to room temperature. The preferential DW alignments reported here are in line with previous observations that DWs in ultrathin PbTiO 3 films align with the crystallographic steps of the substrate 9, 27, 32, 46 . The precise mechanism for this alignment remains to be fully understood, but our findings suggest that by nanopatterning the films, conventional lithography methods could be used to define local DW orientation in ferroelectric thin films.
To conclude, we have studied the behavior of ferroelectric domains in PbTiO 3 /SrTiO 3 superlattices with synchrotron X-ray diffraction. We discover a temperature regime where the DW normals rotate from preferential 100 alignment at low temperatures to 110 at high temperatures. By probing the spatial distributions of the domain orientations using a nanofocused beam we were able to map the local orientations of buried domains in these superlattices. We observe that in the vicinity of a structural defect the DWs are preferentially aligned along specific directions, and map out the inhomogeneous strain and strain gradient fields associated with this defect. A similar preferential DW alignment is observed along the ion-milled edges of the film, offering a route to controlling the behavior and orientation of domains in ferroelectric thin films that may help further advance the growing field of DW nanoelectronics.
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